The magnetic properties of SrFe 12 O 19 nanocrystallites produced by hydrothermal synthesis and consolidated by Spark Plasma Sintering (SPS) were optimized by varying the compaction parameters: sintering time, sintering temperature, uniaxial pressure or pre-compaction in a magnetic field. Highly textured compacts with a high degree of crystallite alignment were produced. Qualitative and quantitative textural information was obtained based on X-ray diffraction pole figure measurements. The optimum sintering conditions, relating the degree of alignment and bulk magnetic properties, were identified based on the resulting magnetic properties. It was found that one must strike a balance between the degree of crystallite alignment for high saturation magnetisation and coercivity (H c ) to gain the highest energy product (BH max ). It was found that the coercive field drops when the crystallite alignment increases. This was particularly pronounced in the case of magnetically pre-aligned powders prior to SPS, where H c and BH max decreased as the pellets became increasingly textured. The best BH max value of 29 (4) 
Introduction
The synthesis of nanocrystallites has attracted considerable interest lately, due to continuous development of nanotechnologies based on manipulating matter at the nanoscale. As the particle dimensions are reduced to the nano size and the surface to volume ratio increases, the thermodynamic behaviour differs from that of the bulk counterpart and the overall performance of the material becomes size dependent. The size effect can be observed on various physical properties such as electrical conductivity, 1 chemical reactivity, 2 melting point 3 or a change in the magnetic behaviour, e.g. a linear increase in saturation magnetization with the size of the nanoparticles until the bulk value is reached 4 and an optimal crystallite size with relation to coercive force. 5 The magnetic nanoparticles have many interesting uses such as in contrast agents, 6 hyperthermia treatment, 7 magnetic sensors, 8 electromagnetic shielding nanocomposites, [9] [10] [11] or drug delivery. 12 In 2011 the manufacturing industry producing rare-earth permanent magnets (PM) encountered considerable difficulties with the supply chain of rare-earth metal, which became known as the rare-earth crisis. 13 The concern has given rise to an urge for nding new magnetic materials 14 or further development of already existing materials, which could counteract the geopolitical and environmental impact associated with mining of rare-earth metals.
The magnetic properties are governed by the hysteresis curves, where key parameters are remanence (M r ), saturation magnetization (M s ), coercive force (H c ), and energy product (BH max ), the latter representing the energy stored outside the magnet in the magnetic eld lines. The aim is to design the next generation of rare-earth free permanent magnets, where the magnetization reversal within the magnetic crystallites are produced coherently without domain wall formation, which would maximize the magnetic coercive eld. This can be accomplished by an effective control of size and shape of the nanoparticles. Promising candidates for such nanomagnets are represented by materials, which fulll essential characteristics like: a high anisotropy constant, a high Curie temperature (T C ) and a good chemical stability at ambient conditions.
The recent trend in research in the eld of rare-earth free PM is focused on synthesis of intermetallic compounds such as MnBi, MnAl or iron-nitrides. 15, 16 The main drawbacks to overcome for such compounds are related to their moderate stability range, the MnBi alloy starts decomposing below 355 C (ref. 17) or phase decomposition during the consolidation process, as in the case of the Fe 16 N 2 compound. 18 Besides these new types of magnetic materials, there exists a more robust class of compounds, namely hexaferrites. These are commonly used for technological applications, where the volume of the magnet is not critical. Despite the fact, that the magnetic properties are inferior to other permanent magnets such as NdFe-B, Sm-Co or Alnico, the hexaferrites are heavily produced due to good chemical stability and low cost in terms of constituting elements. Moreover, the very interesting characteristics of SrFe 12 O 19 , such as high Curie temperature (T C ¼ 750 K for a single crystal 19 ) and a pronounced c-axis magnetocrystalline anisotropy, 20, 21 provide good prerequisites for improving the magnetic properties of these compounds. The advantage of anisotropic magnets is given by the angular dependence of the magnetic properties, which have enhanced values of coercive eld 22 and spontaneous magnetization along the easy axis of magnetization, compared with a direction perpendicular to it.
23
It is therefore evident that for production of anisotropic hexaferrite PMs, it is imperative to nd the optimal conditions for particle alignment with the crystallographic c-axis pointing in the same direction. 
24
In this work, we present a process for obtaining a permanent magnet by the bottom-up approach involving wet chemistry synthesis of nanoparticles followed by an unconventional sintering method. Through a proper combination of particle synthesis and sintering parameters, it was possible to produce materials with good magnetic performance. The synthesis conditions and sintering parameters were optimized in such a way as to maximize the BH max value, which represent the gure of merit of a hard-magnetic material. This was done with nanoparticles of SrFe 12 O 19 produced by hydrothermal synthesis at 240 C and compacted by SPS at elevated temperatures to obtain a dense material with specic magnetic properties. In the synthesis of hexaferrites, it is of particular importance to choose a proper [Sr : Fe] molar ratio to obtain a single phase material. A recurring problem is the formation of hematite as a secondary phase which leads to a degradation of the magnetic properties. 25 In earlier studies it was noticed that Fe-decient synthesis can prevent the formation of hematite. 26 The right amount of Fe differs for the different synthesis routes, but in general [Sr : Fe] ratios below [1 : 8] proved to be benecial in formation of single phase hexaferrite. [27] [28] [29] The autoclave hydrothermal synthesis method allows easy tailoring of the particle size and magnetic properties by changing the synthesis conditions (time, temperature, [Sr] : [Fe] molar ratio) or through subsequent annealing of the powders. However, to prevent an excessive particle grain growth and avoid formation of magnetic multi-domains, the synthesis time in this work was limited to 4 hours at a temperature of 240 C. The inuence of sintering parameters; sintering temperature, time and pressure, on magnetic parameters will be discussed with the focus on particle alignment and magnetization response to these factors. Besides the sintering parameters, the effect of particles precompaction in the presence of a magnetic eld, prior to the sintering process was studied and evaluated in terms of optimizing BH max for compacted nanoparticles. Correlations between the magnetic properties and degree of alignment of the sintered pellets were identied via texture analysis obtained from X-ray pole gure measurements. ]. Finally, the powders were washed in deionised water and dried under ambient conditions, as described in the work of Eikeland et al.
Experimental

X-ray diffraction
The powder X-ray diffraction technique (PXRD) was used for structural characterization of the hydrothermally synthesised powders. A Rigaku SmartLab diffractometer equipped with a rotating copper anode and congured in a Bragg-Brentano focusing geometry equipped with a graphite analyser was used in the recording of the diffraction patterns in the angular 2q range 20 < 2q < 100 with a 0.015 step size and measuring for 2 seconds per step. A qualitatively and quantitative phase analysis was carried out using Rietveld renements with the program suite FullProf. 31 The instrumental line broadening was handled by an instrumental resolution le (.irf) created based on data collection under identical conditions of a LaB 6 standard NIST 660B. 32 The crystallinity was also veried with high-resolution transmission electron microscopy (HR-TEM), see ESI † for details.
Particles compaction
The as synthesized particles were consolidated by spark plasma sintering (SPS) under vacuum conditions using a Syntex Inc. 1500 model, from Dr Sinter Lab™. For each sintering, an amount of about 0.4 g was loaded into a graphite die with an inner diameter 8 mm. The sintering process was achieved by varying the experimental conditions such as temperature (850, 900, 950 C), uniaxial pressure (60, 100 MPa) and sintering time (0, 2, 5 min), according to the schematic shown in Fig. 1(a) . An initial set pressure of 55 MPa was applied before heating was started and increased to the nal desired pressure as soon as the temperature inside the die reached 600 C. The pressure was kept constant for the rest of consolidation prole. The 0 min compaction time refers to the temperature reaching 950 C;
upon reaching 950 C the sintering process was automatically stopped without a dwell time and the pressure released. In this study, the lowest sintering temperature of 850 C was selected based on the temperature, at which the sample displacement inside the pressing matrix occurred (around 820 C). The extra +30 C were used to ensure a good densication of the pellet.
The effect of pre-alignment in an external magnetic eld prior to sintering by SPS was investigated using an electromagnet, capable of producing a maximal external magnetic eld of 0.55 T. The pre-alignment procedure is systematically shown in Fig. 1(b) . Initially, the powder was loaded into the graphite die used for the SPS compaction, without applying any pressure to the powder. The die was horizontally mounted between the 2 poles of an electromagnet allowing a magnetic horizontal alignment concomitant with an applied pressure in the direction of applied magnetic eld. The aligned particles were kept xed by a mechanically driven screw translating of the two graphite punches inside the die used in the SPS process.
Various magnetic eld intensities (0, 0.15, 0.45, and 0.55 T) were used in this study. Aer magnetic eld pre-alignment the powders were sintered by SPS at 950 C for 5 minutes with 100 MPa uniaxial pressures. An additional sample aligned at 0.55 T and sintered for 2 min, were produced. All compacted pellets were polished to remove traces of graphite paper used in the compaction process. The densities of the pellets relative to the theoretical density of SrFe 12 O 19 (5.1 g cm À3 ) were calculated based on geometrical dimensions and mass. An identication name was assigned to each compacted sample and given in Table 1 , together with the sintering conditions.
Pole gure measurements
The pole gures used for the texture analysis were obtained using a Rigaku SmartLab equipped with focusing beam optics, CBO-f. The measurement was conducted on polished pellets, which were tilted in varying directions with respect to a xed-angle incident X-ray beam. This is possible by tilting the sample stage between 0-75 in steps of 5 away from the horizontal basal plane (c-tilt) concomitant with a 360 rotation of the sample around the stage axis (called 4-scan). Five distinct Bragg reections were measured for each sample: (110), (008), (107), (114) and (203), while the background was subtracted by measuring a "blank pole" at a 2q position where no reection was present.
Magnetic characterization
Magnetic hysteresis loops for all the SPS-consolidated pellets were measured at room temperature in the presence of an applied external magnetic eld of AE2 T using a vibrating sample magnetometer (VSM) from Quantum Design. Prisms with typical size of l Â l Â t ¼ 2 Â 2 Â 1 mm 3 were cut by diamond saw and used in the magnetization measurements. The external magnetic eld was applied along force direction used when SPS compacting the pellets. The demagnetization correction was done using the "innite slope" method described by SauraMúzquiz et al. 33 and the magnetic energy products were calculated using a theoretical density of 5.1 g cm À3 . The saturation magnetization was determined based on the law of approach to saturation magnetization. Fig. 2(a) , in the 2q range .
Results and discussion
The black open symbols are the experimental data while the coloured lines on top, represent the calculated intensities resulting from the Rietveld renements of each pattern, the full data range is used in the Rietveld renements. The four diffractograms show the presence of weak extra diffraction peaks not originating from the SrFe 12 O 19 structure. However, all main peaks can be indexed to hexaferrite with space group P6 3 /mmc, ICDD le (00-033-1340). The extra peaks were identied, marked by coloured vertical ticks and named at the bottom of the diffractograms, see Fig. 2(a) . The rened content of the hexaferrite and the addition phases are given in Fig. 2 Fig. 2(c) . In the renement procedure the crystallites were modelled as anisotropic platelets, which allow determination of crystallite sizes in the abplane and along the crystallographic c-axis. (Fig. 1 in ESI †) .
Magnetic properties of SrFe 12 O 19 crystallites sintered at various SPS conditions
Room temperature magnetic hysteresis loops measured on the SPS compacted pellets are presented in Fig. 3(a)-(c) , while the extracted values of M s , M r and H c are given in Fig. 3(d)-(f) . From  Fig. 3(a) it is seen that SPS sintering time has a positive effect on M r with higher values for longer sintering times.
The M r /M s ratio is commonly used in evaluation of sample alignment. According to the Stoner-Wohlfarth model an ideally aligned sample gives a ratio equal to unity, while it decreases to 0.5 for complete randomly oriented crystallites. [34] [35] [36] Performing SPS compaction for increasing sintering times leads to hysteresis loops of enhanced rectangularity and M r /M s ratios of 0.85-0.92, indicating a high degree of alignment of the crystallites in the samples. On the other hand, for the longest sintering time (t5min), which show the highest M r /M s ratio of 0.92, it is observed that the coercivity decreases considerable from 169(1) kA m À1 to 137(2) kA m À1 . However, the BH max for the threeholding times are identical within the error of the experiment, as seen in Table 1 . Fig. 3(e) shows the effect of the SPS temperature during compaction, here the tested temperature range was 850-950 C (sintering time and uniaxial pressure were kept constant). The M r value increases with the increase of the sintering temperature from 850 to 950 C, while the H c decreases. The M s is 70.5 A m 2 kg À1 for all samples and independent of the sintering temperature. The BH max value increases to a maximum value of 27(4) kJ m À3 at 950 C, corresponding to a 12.5% increase compared to pellet sintered at 850 C. The effect of uniaxial pressure applied during sintering was also investigated, as seen in Fig. 3(f) . A decrease of pressure from 100 MPa to 60 MPa has a negative inuence on M r . Although a slight increase in the H c was achieved, the lowering of M r has a negative impact on the BH max compared to 100 MPa sintering pressure. The higher M r indicates the achievement of a better alignment for the sample sintered at higher pressure. The above results illustrate that sintering conditions play an important role in selecting optimum conditions to maximize BH max , but also for controlling the texture and the coercivity. It was found that the sample sintered at 950 C for 5 minutes at an applied uniaxial pressure of 100 MPa showed the largest BH max of 27 (4) A high degree of particle alignment is required to obtain a material with large M r and good BH max . Therefore, it is important to study how the sintering conditions are inuencing the crystallite orientation and implicitly the magnetic properties of the nal product. All SPS compacted pellets were subjected to a texture analysis by means of PXRD pole gure measurements. The MATLAB™ toolbox MTEX was used to determine the orientation distribution function (ODF) from the experimental pole gures data. MTEX offers functions to compute a wide range of texture characteristics among, which is the texture index, which represents the strength of preferred orientation of an ODF. 37 Aerwards, based on the ODF the (00l) poles of each sample was reconstructed and displayed in Fig. 4(a)-(c) . Identical colorbar is used for all the (00l) ODFs and the ODFs were grouped according to the SPS sintering conditions, to allow direct comparison between the different samples.
Inuence of holding time
The inuence of holding time during the SPS process on particle alignment is shown in Fig. 4(a) . For all samples the sintering temperature and pressure were xed at 950 C and uniaxial pressure of 100 MPa, respectively. The short time was intended to prevent excessive coarsening, while the uniaxial pressure was applied during sintering to accelerate the sintering process. Although the sintering time does not vary greatly in the range of [0-5 min] it is possible to observe an increase in the degree of texture going from t0min to t5min. The dimension less texture index goes from 5.9 via 9.2 to 13.7 for t0min, t2min and t5min, respectively. The oriented volume fractions (OVF) of crystallites with angle k, extracted from the ODF are given in Fig. 4 (a) -(c) The (00l) X-ray pole figures reconstructed from ODF measurements and influence of SPS sintering conditions with: (a) sintering time (t0min, t2min, t5min), (b) sintering temperature (T850C, T900C, T950C) and (c) applied pressure (P60 MPa, P100 MPa). The sintering conditions effects on the corresponding oriented volume fractions with increasing angle k are given in the right-hand plots for (d) sintering time, (e) sintering temperature and (f) pressure effects. Note: t5min, T950C and P100 MPa corresponds to one and the same sintered sample, used both, for poles and OVF plots. Fig. 4(d) . The OVF gives an indication of the percentage of crystallites oriented at certain k angles. The steps in k are made to represent a constant integrated volume of the hemisphere when going from the pole to the equator. 33, 38 As expected, the extracted OVF for the sample t5min show the largest degree of alignment, with 80% of the crystallites oriented within the rst 33 of the hemisphere. In comparison, lower degrees of alignments (77 and 69%) within the same k range were obtained for samples t2min and t0min. These observations highlight that longer sintering times improve the degree of crystallite alignment. Table 1 indicates that a higher relative density is achieved with longer sintering time, reaching a value of 95% for sample t5min, being the closest to a full densication. By comparison with shorter holding times it is observed that attainment of a better alignment and higher relative density is consistent with the best observed magnetic properties, in terms of M r and BH max . However, this gain is at the detriment of the H c that suffers a decrease in its value for the sample t5min.
Inuence of sintering temperature
Three sintering temperatures were investigated: 850, 900 and 950 C, keeping the sintering time and pressure at 5 minutes and 100 MPa. The poles in Fig. 4(b) show only minor variation in the texture index between the samples T850C and T900C, with values of 5.8 and 6.8. In addition, the OVF suggest only minor differences between the two samples, giving comparable degrees of crystallite alignment within the rst 33 in k responding to 68% and 70% for T850C and T900C, respectively. However, as the sintering temperature is further increased to 950 C (sample T950C) the degree of alignment improves considerably with 80% of the crystallites oriented with the easy axis of magnetization along the [001] direction. The difference in the degrees of alignment of the crystallites is most pronounced at low k-values where e.g. 28% of the crystallites are oriented within 15 of the [001] direction for sample T950C.
Sintering temperature also inuences the density with a higher densication obtained at the highest sintering temperature conducted at 950 C compared to 900 and 850 C (see Table 1 ).
Inuence of uniaxial pressure
Uniaxial pressure applied simultaneous with heat can ensure a better control of the evolution of crystallites structure and a lagging of excessive grain growth, as compared to conventional sintering routes. To verify the extent to which pressure has an inuence on the degree of alignment and subsequently the magnetic properties, two uniaxial pressures of 60 and 100 MPa were applied during sintering. The two pressures were varied while temperature and sintering time were kept constant at 950 C and 5 minutes.
From the poles gures in Fig. 4 (c) and OVF in Fig. 4 (f) it is conrmed that the intensity distribution is narrower, and a higher degree of crystallite alignment is achieved for sample P100 MPa, as compared to sample P60 MPa. Indeed, a higher relative density was measured for sample P100 MPa compared to P60 MPa, which overall has a positive inuence on the M r /M s ratio and BH max values.
The effect of pre-compaction in a magnetic eld Fig. 5(a) shows the hysteresis loops for the pre-compacted SPS pellets, the pellets were measured in the direction parallel to the external applied magnetic eld in which the particles were precompacted. ) compared to the zero eld compacted pellet.
The OVF (Fig. 2 ESI †) reveal, that the alignment degree of the nanocrystallites increase for samples pre-compacted at higher eld, however there is almost no difference between H-0.45T and H-0.55T, suggesting that the effect of applying eld may saturate already around 0.5 T.
However, the H c drops as the applied external eld is increased at pre-compaction. The better the alignment, the lower the H c is observed, as shown in the inset of Fig. 5(a) . The results in Fig. 5(b) give a comparison of magnetization curves obtained on SPS pellets pre-compacted in 0.55 T, but for two different sintering times: 5 minutes (H-0.55T) and 2 minutes (H-0.55T_t2min). Shortening the sintering time to only 2 minutes has a positive impact and a signicantly higher coercivity can be achieved. Although the texture indexes and M r /M s ratios gives approximately the same values for the two samples, it is worth to remark the large differences in H c and BH max values which increase from 90(3) kA m À1 and 20(4) kJ m À3 to 133(3) kA m À1 and 29(4) kJ m À3 , respectively, as the sintering time is decreased. Fig. 3 in ESI † show that only slight differences of the pole gures and OVF were observed between the 2 samples (H-0.55T) and (H-0.55T_2 min). This observation indicates not only the importance of particle alignment in the consolidation process, but also the need for a ne control of particle size growth during the sintering process. The H c as function of texture index for all 10 samples investigated in this work is plotted on the le axis in Fig. 5(c) . This plot indicates that a better alignment comes at the expense of the coercive eld, as the coercivity appears to drop as the texture index increase. In the case of a bulk single crystal the texture index would be innite with a coercivity of 0 kA m À1 . 39 The mechanism causing the decrease in H c in the presented samples is apparently linked to the high degree of alignment obtained by SPS compaction, but other effects cannot be ruled out, e.g. the nal crystallite size or the density of the compacts. In a recent study by SauraMúzquiz et al. it was demonstrated, how the initial size and shape of the nanocrystalline powder was hugely affecting the texture. 40 Neutron powder diffraction was also used to infer information about the magnetic structure at the atomic scale. Magnetic interactions between the crystallites, as well as the role of grain boundaries on the evolution of H c and M r is complicated 41 . 43 This could be related to the fact that a slightly lower M r /M s ratio (0.82) was obtained compared to our study (0.86), which once again demonstrates the importance of the degree of alignment of the crystallites. Similar trend was observed in a different system such as PrCo 5 produced by hot deformation. 44 A radial dependence of H c with an increasing value from the centre to the edge was related to the local crystallographic texture, which are altered at the edges, causing energy anisotropy at different locations, as well as preferential orientation development of grains and boundary planes with respect to the magnetically easy axis. Our observations corroborate indeed with earlier studies performed on rare-earth magnets. The intrinsic coercivities in Pr 15 Fe 77 B 8 sintered magnets show reduced values as the degree of alignment increased. The effect was attributed to the degree of alignment of the c-axis, which affects the microstructural parameters.
45,46
NdFeB magnets also possess a reduced coercive force as the degree of grain alignments enhanced. 47, 48 Of the few examples presented here, it can be noticed that different mechanisms and factors could inuence the H c in textured materials. Although the sintered hexaferrites are of a major importance in the PM industry, studies on the role of particle alignment on the coercive eld are unfortunately limited. Therefore, further efforts are needed to elucidate the mechanism leading to the decrease of the coercive eld with the degree of particle alignment.
Conclusions
Spark Plasma Sintering was successfully applied to consolidate M-type hexaferrites SrFe 12 O 19 nanocrystallites, obtained from autoclave hydrothermal synthesis. The effects of sintering time, sintering temperature, uniaxial pressure and applied magnetic eld during pre-compaction were evaluated in terms of magnetic properties and texture analysis by X-ray pole gures on the compacted pellets. Overall, the sintering parameters have an impact on the degree of crystallite alignment, which further inuences the bulk magnetic properties of the sintered pellets. To enhance the magnetic performance, quantied by the BH max , one must nd an optimal tradeoff between the degree of crystallite alignment and the coercive force. The highly aligned pellets show decreasing coercive elds, which negatively inuences the BH max . This was observed in the case of magnetically pre-aligned powders, prior to SPS compaction, where a high texture index of 18.6 led to a decrease in H c and BH max down to 90(3) kA m À1 and 20(4) kJ m À3 for the H-0.55T
sample. The highest BH max was obtained for the magnetically pre-compacted H-0.55T_t2min sample, reaching 29(4) kJ m À3 .
The results presented here show the potential of SPS in consolidation of SrFe 12 O 19 with high relative densities and emphasize the role of particle alignment on the coercive eld and general magnetic performance.
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